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N-Terminal Palmitoylation of PSD-95
Regulates Association with Cell Membranes
and Interaction with K1 Channel Kv1.4
structure consisting of three PDZ protein motifs, fol-
lowed by an SH3 domain and a region homologous to
yeast guanylate kinase (Cho et al., 1992; Kistner et al.,
1993). Ion channel interactions with PSD-95 occur
through the first two PDZ domains, which directly bind
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the C-terminal tails of N-methyl-D-aspartate (NMDA) re-
ceptor subunits and Shaker-type and inwardly rectifyingSummary
K1 channels (Kim et al., 1995; Kornau et al., 1995; Cohen
et al., 1996). The PDZ domain binding site is a C-terminal
Ion channels and associated signal transduction cas- tSXV consensus sequence (E-T/S-X-V/I-COOH) that is
cades are clustered at excitatory synapses by PSD- present in these channels and a variety of other trans-
95 and related PDZ-containing proteins. Mechanisms membrane proteins found at synapses (Irie et al., 1997).
that target PSD-95 to synaptic membranes, however, Interactions with PSD-95 can mediate ion channel clus-
are unknown. Here, PSD-95 is shown to partition as tering, as cotransfection of heterologous cells with PSD-
an integral membrane protein in brain homogenates. 95 and Shaker K1 KV1.4 results in aggregation of both
Metabolic labeling of brain slices or cultured cells proteins in macroscopic clusters on the cellular mem-
demonstrates that PSD-95 is modified by thioester- branes (Kim et al., 1995). Definitive evidence that PSD-
linked palmitate, a long chain fatty acid that targets 95 mediates receptor localization at the synapse derives
proteins to cell membranes. In fact, PSD-95 is a major from genetic studies in Drosophila melanogaster. PSD-
palmitoylated protein in intact cells, and palmitoylated 95 is highly homologous to discs-large (dlg) protein from
PSD-95 partitions exclusively with cell membranes. Drosophila (Woods and Bryant, 1991), and mutations in
Mutagenesis indicates that palmitoylation of PSD-95 dlg prevent Shaker K1 channel clustering at postsynap-
occurs on conserved N-terminal cysteines 3 and 5. tic neuromuscular junctions (Tejedor et al., 1997).
Palmitoylation-deficient mutants of PSD-95 do not In addition to clustering receptors at synaptic subcel-
partition as integral membrane proteins and do not lular sites, proteins with multiple PDZ domains organize
participate in PDZ±ion channel interactions in vivo. tightly coupled signal transduction cascades (Brenman
This work identifies palmitoylation as a critical regula- et al., 1996a). InaD protein from Drosophila contains
five concatenated PDZ domains and assembles severaltory mechanism for receptor interactions with PSD-95.
components of the G protein±coupled phototransduc-
tion cascade, including the principal light-activated ionIntroduction
channels, the effector phospholipase C-b, and protein
kinase C (Shieh and Zhu, 1996; Chevesich et al., 1997).Rapid and reliable signal transmission in neurons re-
Mutations of distinct PDZ domains in inaD selectivelyquires the proper subcellular distribution of ion channels
disrupt individual components in this signaling pathwayand extracellular receptors. High densities of ion chan-
(Tsunoda et al., 1997). Similarly, PSD-95 appears to or-nels occur at specializations of the plasma membrane
ganize NMDA receptor signal transduction cascades atsuch as synaptic junctions and nodes of Ranvier. Cy-
postsynaptic sites. While either the first or second PDZ
toskeletal proteins enriched at these sites are thought
domain of PSD-95 binds to NMDA receptor subunits,
to bind to cytoplasmic determinants of ion channels
the second PDZ domain of PSD-95 selectively interacts
and receptors and thereby mediate clustering of these with the N-terminal PDZ domain of neuronal nitric oxide
membrane proteins (Froehner, 1993; Hall and Sanes, synthase (nNOS), an effector enzyme for NMDA receptor
1993; Kuhse et al., 1995). The accumulation of Na1 chan- activity (Brenman et al., 1996a). It is likely that other
nels at nodes of Ranvier in association with the cytoskel- signaling cascades at the synapse are also assembled
etal protein ankyrin (Srinivasan et al., 1988; Kordeli et al., on scaffoldings comprised of PSD-95 and related pro-
1990) and the clustering of glycine receptors at inhibitory teins. By organizing synaptic signaling and mediating
synapses in association with gephyrin (Kuhse et al., ion channel interactions with the cytoskeleton, PSD-95
1995) are classical examples. and related proteins are likely to regulate aspects of
Recently, the postsynaptic density-95 (PSD-95/SAP90) synaptic plasticity. Indeed, mutations in dlg disrupt
family of cytoskeletal proteins (Cho et al., 1992; Kistner structural plasticity of a glutamatergic synapse in Dro-
et al., 1993; Muller et al., 1995, 1996; Kim et al., 1996), sophila (Guan et al., 1996).
which includes SAP97, SAP102 and PSD-93 (Chapsyn- Though PSD-95 efficiently associates with proteins at
110), has been suggested to mediate receptor clustering synaptic membranes, PSD-95 itself lacks a hydrophobic
at excitatory synapses in brain (Sheng, 1996; Kornau transmembrane domain. Some intracellular proteins
et al., 1997). PSD-95 was originally purified from brain that play critical roles at the plasmamembrane are modi-
postsynaptic density, thesubmembranous cytoskeleton fied by the addition of long chain fatty acids, which
mediate protein targeting to the membrane. Cotransla-beneath central synapses that aggregates postsynaptic
tional attachment of myristic acid to N-terminal glycinereceptors and their associated signal transduction ma-
and posttransitional attachment of prenyl groups tochinery. cDNA cloning of PSD-95 revealed a domain
C-terminal motifs are well-characterized modifications
(Johnson et al., 1994; Zhang and Casey, 1996). For ex-
ample, myristoylation and prenylation of ras GTPases*To whom correspondence should be addressed.
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are essential for membrane targeting and signal trans-
duction by these proteins (Casey, 1994). More recently,
addition of palmitic acid by thioester linkage to cysteine
residues has been described. Palmitate is a 16 carbon
saturated fatty acid that is attached postranslationally.
This reversible modification increases protein hydro-
phobicity and facilitates protein interactions with lipid
bilayers. A select group of signal transduction enzymes
including G proteins, src family tyrosine kinases, and
endothelial NOS (eNOS) is palmitoylated (Bouvier et al.,
1995; Milligan et al., 1995a; Robinson et al., 1995; Yur-
chak and Sefton, 1995). Attachment of palmitate is dy-
namically regulated during signal transduction events,
and this palmitoylation mediates membrane localization
and functional interactions of these proteins (Wede-
gaertner and Bourne, 1994; van't Hof and Resh, 1997).
Here, we show that PSD-95 protein in brain and in
transfected COS cells partitions primarily as an integral
membrane protein and that this behavior relies on the
N terminus of the protein. Metabolic labeling demon-
strates that PSD-95 is robustly palmitoylated in neurons
and that PSD-95 is a major palmitoylated protein in both
brain slices and transfected COS cells. Alignment of
PSD-95 with other palmitoylated protein sequences in-
dicates that cysteines 3 and 5 in PSD-95 occur in a
tentative consensus for palmitoylation. We find that mu-
tation of either cys-3 or cys-5 abolishes both palmitoyla-
tion and integral membrane association of PSD-95. We
also find that integral membrane targeting through pal-
mitoylation is required for in vivo interactions of PSD-
95 with the K1 channel KV1.4. These studies establish
Figure 1. Membrane Extraction Properties of PSD-95 and SAP97palmitoylation as a critical regulatory modification of
from Rat Brain Membranes and Transfected COS CellsPSD-95 and have implications for receptor clustering
Rat brain membranes were extracted with either high salt (1 M NaCl),and synaptic plasticity mediated by the PSD-95 family
high pH (pH 11), or nonionic detergent (1% NP-40) and separated byof proteins.
centrifugation into a soluble fraction (S) and an insoluble membrane
pellet fraction (P). Equal fractions (not equal protein) were separated
by SDS-PAGE and processed for Western blotting with antisera to
Results PSD-95 (A) or SAP97 (B). Cell membranes prepared from COS cells
transiently transfected with PSD-95 were extracted under the same
conditions as above and probed for PSD-95 (C).PSD-95 Displays Hydrophobic Partitioning
with Brain and COS Cell Membranes
Subcellular fractionation of brain homogenates has
shown that PSD-95 protein is enriched in the postsynap- the C terminus of PSD-95 (data not shown). This lower
molecular weight form is efficiently extracted by pH 11tic density (Cho et al., 1992; Kistner et al., 1993). To
characterize the association of PSD-95 with the particu- or 1 M NaCl, consistent with the idea that the N terminus
of PSD-95 mediates the hydrophobic membrane inter-late fraction of brain, we evaluated the extraction prop-
erties of the protein. Crude brain membranes were ex- action. Reprobing the Western blot shows that SAP97,
a protein highly related to PSD-95, is more efficientlytracted with either sodium carbonate buffer (pH 11), 1
M NaCl, or 1% NP-40. Western blot analysis showed extracted by sodium carbonate buffer (pH 11) and by 1 M
NaCl (Figure 1B). Extraction of PSD-95 from transfectedthat approximately 50% of full-length PSD-95 protein
(95 kDa band) is extracted with sodium carbonate buffer COS cells shows that PSD-95 also displays hydrophobic
interaction with COS cell membranes and is poorly ex-(pH 11), 1 M NaCl, or 1% NP-40 (Figure 1A). The ineffi-
cient extraction of PSD-95 at either pH 11 or with 1 M tracted with either sodium carbonate buffer (pH 11) or
with 1 M NaCl (Figure 1C).NaCl, conditions that generally disrupt protein±protein
interactions and remove peripheral membrane proteins,
is consistent with a hydrophobic interaction of PSD-95 PSD-95 Is Robustly Palmitoylated in Intact Cells
The hydrophobic partitioning of PSD-95 in brain andwith brain membranes. In addition to the band at 95 kDa
protein, Western blotting for PSD-95 identifies a lower COS cell extracts suggested possible modification of
the protein by fatty acid. As PSD-95 lacks classical con-band (z70 kDa). This lower molecular weight band ap-
pears to be a truncated form of PSD-95 lacking the N sensus sequences for either N-terminal myristoylation
or C-terminal prenylation (Johnson et al., 1994; Zhangterminus, as it has been previously noted inseveral other
studies (Cho et al., 1992; Kornau et al., 1995), and we and Casey, 1996), we determined whether PSD-95 pro-
tein in brain is palmitoylated. Brain slices from adultfind that it is detected with an antibody directed against
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Figure 2. PSD-95 Is Palmitoylated in Brain
Slices and Cultured Neurons
Forebrain slices from adult rats maintained
in oxygenated Krebs-Henseleit buffer were
metabolically labeled with [3H]palmitate. Slices
were homogenized and solubilized with SDS,
and PSD-95 was immunoprecipitated, sepa-
rated on SDS-PAGE, and subjected to fluo-
rography (A). Load is 20% of IP, indicating
that PSD-95 is a major palmitoylated protein
in the brain. Cerebellar granule cells were in-
fected with a recombinant adenovirus that
expresses PSD-95. PSD-95 was visualized by
indirect immunofluorescence using Cy3 (B),
or cells were labeled with [3H]palmitate and
PSD-95 immunoprecipitated andanalyzed by
Western blot and fluorography (C).
rat forebrain, maintained in oxygenated Krebs solution, indicating that PSD-95 is one of the major palmitoylated
proteins in the transfected cells. To determine if thewere metabolically labeled for 4 hr with [3H]palmitate (1
mCi/ml). Brain slices were then homogenized, tissue [3H]palmitate was linked to PSD-95 via a hydroxylamine-
labile thioester linkage to cysteine residues, duplicateextracts were solubilized with SDS, PSD-95 was immu-
noprecipitated, and proteins were separated by SDS- samples of labeled PSD-95 purified from COS cells were
treated with hydroxylamine or Tris-HCl buffer. Fluorog-PAGE. Fluorography revealed numerous [3H]palmitate-
labeled bands in the crude tissue homogenate and a raphy demonstrates that the incorporated [3H]palmitate
was mostly removed by hydroxylamine treatment (Fig-single autoradiographic band of 95 kDa in the PSD-
95 immunoprecipitate (Figure 2A). The intensity of the ures 3C and 3D).
Protein palmitoylation occurs at the plasma mem-immunoprecipitated PSD-95 band was striking. This
band was nearly as intense as any band seen in the brane, and biochemically characterized palmitoyl trans-
ferase activities are tightly membrane-associated (Dasinput lane, which contained 20% of the protein used for
immunoprecipitation. This indicates that PSD-95 is a et al., 1997). Palmitoylation of cytosolic proteins often
requires they first be transiently recruited to the mem-major palmitoylated protein inbrain. We also determined
whether exogenous PSD-95 overexpressed in cultured brane by protein interactions or otherprior modifications
such as myristoylation (Milligan et al., 1995b; Mumby,neurons is palmitoylated. A recombinant replication-
deficient adenovirus that expresses PSD-95 was con- 1997). PSD-95 protein can be recruited to the plasma
membrane of COS cells by coexpression of interactingstructed and used for infection of cerebellar granule
neurons, which contain relatively low levels of endoge- ion channels such as NMDA receptors (Irie et al., 1997)
or KV1.4 (Kim et al., 1995), which bind to PDZ domainsnous PSD-95 (Kistner et al., 1993). Infection resulted in
high levels of PSD-95 expression in approximately 10% in PSD-95. To determine whether interactions with a
transmembrane protein influence palmitoylation, we co-of the granule cells. Immunofluorescent staining showed
that PSD-95 protein in these neurons occurred in a so- transfected COS cells with PSD-95 and K1 channel
KV1.4. Cotransfected cells were metabolically labeledmatodendritic pattern (Figure 2B) characteristic of its
distribution in vivo. Metabolic labeling demonstrated with [3H]palmitate; PSD-95 was then immunoprecipi-
tated and analyzed for [3H]palmitate incorporation bypalmitoylation of PSD-95 protein in the infected cultures
(Figure 2C). fluorography (Figure 3E). We found that cotransfection
with KV1.4 did not influence the degree of [3H]palmitateHaving established that both endogenous PSD-95 in
brain slices and exogenous PSD-95 overexpressed in labeling, indicating that palmitoylation of PSD-95 occurs
independent of PDZ interactions with membrane ionneurons are robustly palmitoylated, we pursued experi-
ments in PSD-95-transfected COS cells, which facili- channels.
tated molecular characterization of the palmitoylation.
COS cells were transfected with PSD-95, 2 days later
Palmitoylation of PSD-95 Occurscells were labeled with [3H]palmitate, and then cell ho-
on Cysteines 3 and 5mogenates were resolved by SDS-PAGE. Protein bands
PSD-95 protein contains six cysteine residues, two nearwere visualized with Coomassie blue, and [3H]palmitate-
the N terminus at positions 3 and 5 and four otherslabeled bands were detected by fluorography. Coomas-
scattered throughout the protein (Cho et al., 1992;sie blue staining showed an identical pattern of bands
Kistner et al., 1993). While no strict consensus sequencein transfected and untransfected cells, indicating that
exists for palmitoylation, many palmitoylated proteinsPSD-95 was not one of the major proteins expressed in
are modified at N-terminal cysteines, particularly cys-3the transfected cells (Figure 3A). By fluorography, un-
(Milligan et al., 1995b). For example, many G proteintransfected cells displayed several palmitoylated bands,
subunits, src family protein kinases, and the growthincluding a prominent band of z93 kDa. In addition to
cone±associated protein GAP-43 are palmitoylated onthese bands, transfected cells showed an additional
cys-3 (Milligan et al., 1995b). Aligning the N terminuslabeled band of 95 kDa that was not apparent in un-
of PSD-95 with these proteins shows their sequencetransfected cells (Figure 3B). Immunoprecipitation dem-
onstrated that this 95 kDa protein was indeed PSD-95, similarity, which is limited to a conserved cysteine at
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Figure 3. PSD-95 Is Palmitoylated in Trans-
fected COS Cells via a Hydroxylamine-Sensi-
tive Bond
COS cells were transiently transfected with
PSD-95 and metabolically labeled with [3H]pal-
mitate. Cells were lysed in RIPA buffer, and
the solubilized material was immunoprecipi-
tated (IP) with an antiserum to PSD-95. Equal
protein (20 mg/lane) from transfected and un-
transfected cells was subjected to SDS-
PAGE and Coomassie staining (A) or loaded
with the IP and analyzed by fluorography (B).
Note that transfected cells show a [3H]palmi-
tate labeled band of 95 kDa that is not present
in untransfected cells, and this band migrates
just slightly slower than a 93 kDa band pres-
ent in both untransfected and transfected
cells. The 95 kDa band is efficiently immuno-
precipitated with an antiserum to PSD-95.
Duplicate gels (C and D) of PSD-95 immuno-
precipitates from [3H]palmitate-labeled COS
cells were treated with either 1 M Tris-HCl or 1
M hydroxylamine (NH2OH) and were analyzed
by Western blotting for PSD-95 using mono-
clonal PSD-95 antibody 046 (Affinity Biore-
agents) (C) and were visualized by fluorogra-
phy (D). Note that hydroxylamine releases
most of the incorporated [3H]palmitate from
PSD-95. (E) COS cells transfected with either
PSD-95 alone (2) or cotransfected with PSD-95 and KV1.4 (1) were lysed in RIPA buffer; PSD-95 was then immunoprecipitated and analyzed
as described above (C and D). Note that palmitoylation of PSD-95 occurs equally either with and without KV1.4.
position 3 (Figure 4A). SAP97, which does not display kDa. The accumulation of this higher molecular weight
species over time (0.5, 10, or 20 hr) was mirrored by ahydrophobic partitioning with brain membranes, lacks
N-terminal cysteines (Muller et al., 1995). To determine decrease in the density of the 95 kDa band (Figure 5).
The .200 kDa band could be completely eliminated andwhether cys-3 and/or cys-5 in PSD-95 serve as sites
for palmitoylation, we generated mutants of PSD-95 in the lower band intensity restored by treating the brain
extracts with b-mercaptoethanol prior to SDS-PAGEwhich either one or both of these cysteine residues were
mutated to serine. COS cells transfected with these mu- analysis, indicating that the upper band is due to oxida-
tion and disulfide bond formation in vitro (Figure 5). Thetant constructs or wild-type PSD-95 was labeled with
[3H]palmitate, and PSD-95 was isolated by immunopre- total amount of immunoreactive PSD-95, monomeric
and multimeric, was decreased by 10 hr of storage. Thiscipitation. Western blotting showed that equivalent
amounts of the wild-type and mutant PSD-95 were ex- may reflect oxidation to higher order species that can
not enter the acrylamide gel, as the intensity is restoredpressed and purified from the COS cells (Figure 4B).
Fluorography showed that mutation of either cys-3 or by treatment with reducing agent. As previously re-
ported (Hsueh et al., 1997), the vast majority of PSD-cys-5 or both completely eliminated palmitoylation of
PSD-95 (Figure 4C). It is not clear why mutation of either 95 in transfected COS cells migrates as a monomer in
nonreducing SDS-PAGE, and we find that it will alsoof the two cysteines completely blocks palmitoylation
of the protein, but palmitoylation of certain other pro- oligomerize through oxidation in vitro (Figure 5). The
degree to which PSD-95 is disulfide-linked relative toteins also requires two closely adjacent cysteines (Liu
et al., 1995). palmitoylated is unclear, but it is apparent that the vast
majority is monomeric in vivo and available for palmitoy-While we find that PSD-95 is highly palmitoylated via
thioester linkages tocys-3 and/or cys-5, other work sug- lation.
gests that these cysteines form intermolecular disulfide
bonds that covalently multimerize PSD-95 (Hsueh et al., Palmitoylation of PSD-95 Mediates Association
with Cell Membranes and Ion Channels1997). To understand better the relative significance of
these two distinct cysteine modifications, we sought to In Vivo
We next asked whether palmitoylation of PSD-95 regu-determine the fraction of PSD-95 that is disulfide-linked
in vivo. To prevent oxidation and disulfide bond forma- lates association with cell membranes and interactions
with ion channels. We first assessed the subcellular dis-tion in vitro, rat brains were quickly dissected, homoge-
nized, and protein extracts immediately resolved by tribution of palmitoylated PSD-95. Transfected COS
cells were metabolically labeled with [3H]palmitate, andnonreducing SDS-PAGE. Initial experiments demon-
strated that the vast majority of immunoreactive PSD-95 PSD-95 was immunoprecipitated from cytosolic and
membrane-associated fractions. Equivalent amounts offrom total crude brain extracts migrates as a monomeric
z95 kDa band in nonreducing gels. While pursuing these immunoreactive PSD-95 protein from these fractions
were resolved by SDS-PAGE, and [3H]palmitate incorpo-experiments, we noticed that stored tissue extracts
gained an immunoreactive band of greater than 200 ration was assessed by autoradiography (Figure 6A).
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Figure 5. PSD-95 Is Predominantly Monomeric In Vivo
Rat brains were homogenized in Tris-HCl buffer, and aliquots were
removed and frozen in SDS-PAGE loading buffer either with (R) or
without (NR) reducing agents at the time points indicated (0.5, 10,
or 20 hr). These samples were resolved by SDS-PAGE in the absence
of additional reducing agents and analyzed by Western blotting
with PSD-95 antibody 931. COS cells transfected with PSD-95 were
disrupted in Tris-HCl buffer and aliquots taken as described above.
the tail of KV1.4 (Kim et al., 1995). To verify that the PDZ
domains of palmitoylation-deficient PSD-95 retained
their ability to bind to C-terminal targets, we evaluated
Figure 4. Mutation of Cysteines 3 and/or 5 Abolishes Palmitoylation this interaction by affinity chromatography. Extracts
of PSD-95
from COS cells transfected with wild-type or palmitoyla-
(A) The N termini of several palmitoylated proteins are aligned with
tion-deficient PSD-95 were incubated with glutathionePSD-95 and SAP97. Note that all these palmitoylated proteins con-
S-transferase (GST) fusion proteins encoding the lasttain a cysteine at the third position. COS cells were transiently
nine amino acids of the NR2B subunit of the NMDAtransfected with wild-type (WT) or mutant (C3S, C5S, C35S) PSD-
95 constructs in which cysteines 3 and/or 5 were changed to serine. receptor linked to glutathione Sepharose beads. Follow-
Cells were metabolically labeled 48 hr posttransfection with [3H]pal- ing washing, bound PSD-95 was identified by Western
mitic acid. Following labeling, cells were lysed in RIPA buffer and blotting (Figure 7B). The tSXV affinity column selectively
immunoprecipitated with PSD-95 antiserum. The immunoprecipi- retained equivalent amounts of wild-type and mutant
tated proteins were run in duplicate on SDS-PAGE gels.
PSD-95 protein. Thus, the palmitoylation-deficient mu-(B) One gel was transferred to PVDF and probed for PSD-95 with
tant is competent to bind ion channels in vitro but doesantibody 046 (Affinity Bioreagents); the other gel (C) was processed
for fluorography and exposed to film for 4 days. not robustly interact in vivo.
Palmitoylation may facilitate ion channel interaction
by targeting PSD-95 to membranes or may have other
roles. For example, palmitoylation of Ga subunits inhib-This experiment showed that palmitoylated PSD-95 is
exclusively membrane-associated. its their regulation by RGS proteins independent of
membrane targeting (Tu et al., 1997). To determineTo determine whether palmitoylation mediates this
membrane association, we compared the extraction whether integral membrane targeting of PSD-95 can func-
tionally substitute for palmitoylation, we constructedproperties of wild-type and palmitoylation-deficient
PSD-95 proteins transfected in COS cells. While the chimeric molecules with the human T lymphocyte type
I transmembrane protein CD8 (Littman et al., 1985). Mu-majority of wild-type PSD-95 protein remains mem-
brane-associated following extraction with either phy- tant cDNAs were constructed linking the extracellular
and transmembrane domain of CD8 to either a wild-siological saline or sodium carbonate buffer (pH 11),
approximately 50% of the mutant PSD-95 proteins is type or a palmitoylation-deficient mutant of PSD-95. As
expected, the resulting chimeras, expressed in trans-soluble in saline solution, and essentially all the mutant
proteins are extracted at pH 11 (Figure 6B). This indi- fected COS cells, partitioned as integral membrane pro-
teins (data not shown). Importantly, when cotransfectedcates that integral membrane association of PSD-95
requires palmitoylation of cys-3 and/or cys-5. with KV1.4, both the chimeric wild type and chimeric
palmitoylation-deficient mutant of CD8/PSD-95 coimmu-By targeting PSD-95 to the plasma membrane, palmi-
toylation may facilitate interaction of the protein with noprecipitated with KV1.4 (Figure 7C). Taken together,
these data indicate that palmitoylation of PSD-95 regu-membrane-associated ion channels. To address this
possibility, we cotransfected COS cells with either wild- lates membrane targeting, which is then essential for
ion channel interactions in vivo.type or palmitoylation-deficient PSD-95 together with
K1 channel KV1.4, which binds to the PDZ domains of
PSD-95 (Kim et al., 1995). To quantitate interaction of Discussion
KV1.4 with PSD-95, we immunoprecipitated the solubi-
lized COS cell extracts with antiserum to KV1.4. While The primary findings of this study are that PSD-95 is
palmitoylated on cys-3 and/or cys-5 and that this palmi-wild-type PSD-95 was avidly coimmunoprecipitated
with KV1.4, the palmitoylation-deficient mutant was not toylation is essential for membrane targeting and the
association of PSD-95with ionchannel KV1.4. Significant(Figure 7A). Biochemical experiments have shown that
PDZ domains alone bind directly to the tSXV motif at palmitoylation of PSD-95 seems likely because PSD-95
Neuron
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Figure 7. Palmitoylation of Cysteines 3 and/or 5 of PSD-95 Is Neces-
sary for Interaction with K1 Channel KV1.4 In Vivo
(A) COS cells were cotransfected with KV1.4 and either wild-type
(WT) or mutant (C35S) PSD-95 constructs. Cell lysates were immu-
noprecipitated with KV1.4 antibody and analyzedby Westernblotting
with PSD-95 antibody 046 (Affinity Bioreagents) or with antiserum
to KV1.4. Wild-type but not mutant PSD-95 associates with KV1.4 in
the cells.
Figure 6. Palmitoylation of Cysteines 3 and/or 5 of PSD-95 Mediates (B) Palmitoylation-deficient PSD-95 mutant does bind effectively
Association with Cell Membranes to the tSXV motif in vitro. Glutathione-Sepharose beads bound to
glutathione S-transferase (GST) fusion proteins encoding a C-termi-(A) Homogenates from [3H]palmitate-labeled COS cells transfected
nal tSXV motif or GST alone was incubated with cell lysates fromwith PSD-95 were extracted with sodium bicarbonate buffer (pH
COS cells transiently transfected with wild-type (WT) and mutant11), and PSD-95 was immunoprecipitated from the resulting soluble
(C35S) PSD-95. Retained protein was then immunoblotted for(S) and particulate (P) fractions following addition of RIPA buffer.
PSD-95.Equivalent amounts of PSD-95 were resolved by SDS-PAGE and
(C) CD8 transmembrane domain restores interaction with KV1.4 inprobed by Western blotting or processed for fluorography. Note
palmitoylation-deficient PSD-95. COS cells were cotransfected withthat palmitate-labeled PSD-95 occurs exclusively in the particulate
CD8-PSD-95 fusion constructsand KV1.4. Cell lysates were immuno-fraction.
precipitated with KV1.4 antisera and probed for PSD-95 or KV1.4.(B) Membranes prepared from COS cells transiently transfected
Both wild-type and palmitoylation-deficient fusion proteins coimmu-with wild-type or mutant PSD-95 constructs were extracted with
noprecipitated robustly and equivalently with KV1.4 from the cellhomogenization buffer (HB) or at high pH (pH 11) to yield a soluble
lysates.fraction (S) and an insoluble pellet (P). These fractions were analyzed
(D) Schematic model illustrating how N-terminal palmitoylation tar-by Western blotting with a PSD-95 antibody. Palmitoylation-defi-
gets PSD-95 to cell membranes and facilitates interaction with mem-cient mutants of PSD-95 are extracted at high pH while the wild
brane ion channels. (PDZ domains of PSD-95 are shown in black,type remains particulate.
SH3 domain in red, and guanylate kinase domain in purple).
the more readily solubilized partitioning of the palmitoy-is one of the major palmitoylated proteins in both brain
slices and in transfected COS cells, even though PSD- lation-deficient mutant. Also, PSD-95 in brain extracts
coimmunoprecipitates with the K1 channel KV1.4 (Kim95 is not one of the major proteins in these preparations.
In addition, mutation of the palmitoylation sites alters et al., 1995), and we find that this interaction in vivo
requires protein palmitoylation.the biochemical properties of PSD-95 protein in COS
cells, indicating that a majority of the protein is palmitoy- PSD-95 is a member of a large family of membrane-
associated guanylate kinase (MAGUK) proteins that oc-lated. Our data also strongly suggest that PSD-95 is
highly palmitoylated in intact brain. First, PSD-95 from cur at synaptic membranes and at sites of cell±cell con-
tact in epithelia and other nonneuronal cells (Cho et al.,brain displays hydrophobic partitioning that resembles
the wild-type palmitoylated protein, as contrasted with 1992; Kistner et al., 1993; Muller et al., 1995). These
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proteins contain multiple protein±protein interaction do- of PSD-95 in mediating surface clustering of K1 chan-
nels in transfected COS cells (Hsueh et al., 1997). Thismains and appear to function as a scaffolding that orga-
nizes signaling molecules at membrane junctions (Sheng, work concluded that cys-3 and cys-5 form intermolecu-
lar disulfide bonds, which multimerize PSD-95 subunits1996; Brenman and Bredt, 1997; Kornau et al., 1997).
Our work shows that membrane association of PSD-95 and facilitate K1 channel coclustering. Our work demon-
strates N-terminalpalmitoylation as an alternative expla-is not only mediated by its protein interaction motifs
but also critically by N-terminal palmitoylation. It will be nation for the observed critical role of cys-3 and cys-5
in mediating channel clustering at the cell membrane.important to determine whether other related MAGUK
proteins are also targeted to the plasma membrane by In addition to providing a membrane anchor, palmitoy-
lation often targets proteins to discrete subdomains ofposttranslational fatty acid modifications. While SAP97
lacks N-terminal cysteine residues (Muller et al., 1995), the plasma membrane. In nonneuronal cells, palmitoyla-
tion directs many proteins to caveolae, small cave-liketwo other neuronal MAGUKs, SAP102 and PSD-93
(Chapsyn-110), contain N-terminal cysteines (Brenman plasma membrane invaginations whose specialized lipid
composition resists solubilization with nonionic deter-et al., 1996b; Kim et al., 1996; Muller et al., 1996). SAP102
contains cysteines at positions 7, 8, 10, and 13 (Muller gents (Anderson, 1993; Lisanti et al., 1995). While ca-
veolar structures have not been observed in neurons, aet al., 1996), while two different alternatively spliced
N-terminal forms of PSD-93 exist: one form contains defining characteristic of PSD-95 from brain is its insolu-
bility in nonionic detergents (Cho et al., 1992). This insol-cysteines at positions 3 and 5, and the otheralternatively
spliced form contains cysteines at residues 5 and 7 ubility may be due, in part, to protein palmitoylation.
At a functional level, caveolae aggregate and integrate(Brenman et al., 1996b). Palmitoylation of PSD-93 and
SAP102 therefore seems likely, as these proteins are signal transduction cascades, particularly those involv-
ing heterotrimeric G proteins and tyrosine kinases (An-both tightly associated with brain membranes (Kim et
al., 1996; Muller et al., 1996). Furthermore, the glutamate derson, 1993; Lisanti et al., 1995). Similarly, PSD-95 and
related proteins appear to organize signaling pathwaysreceptor-interacting multi-PDZ protein (GRIP) contains
a pair of N-terminal cysteines at positions 8 and 10 at cellular junctions (Brenman and Bredt, 1997). Through
multiple PDZ domain interactions, PSD-95 assembles a(Dong et al., 1997), and palmitoylation may also target
GRIP to synaptic membranes. While protein palmitoyla- tight ternary complex with NMDA receptors and nNOS
(Brenman et al., 1996a). This complex appears to medi-tion often occurs at the N terminus, internal cysteines
can also be modified. p55, a MAGUK protein related to ate efficient coupling of calcium influx through NMDA
receptors to NO biosynthesis in neurons. Interestingly,PSD-95, lacks N-terminal cysteines but is nonetheless
palmitoylated. In fact, p55 partitions as an integral mem- in endothelial cells, eNOS itself is palmitoylated and
targeted to caveolae (Feron et al., 1996; Garcia-Cardenabrane protein and was originally isolated as the major
palmitoylated protein in erythrocytes (Ruff et al., 1991), et al., 1996). This may suggest that NO signaling in di-
verse tissues is associated with specialized plasmasuggesting that this fatty acid modification may play
a general role in the function of PDZ proteins at cell membrane lipid compartments. Future studies will de-
termine how subcellular targeting through palmitoyla-membranes.
Palmitoylation is likely to participate in the high-den- tion regulates signal transduction through the PSD-95-
associated complex.sity clustering of ion channels at postsynaptic sites me-
diated by PSD-95. Biochemical studies in vitro demon- Palmitoylation of proteins, unlike other lipid modifica-
tions, is a readily reversible and dynamic process thatstrate that PDZ domains of PSD-95 directly bind with
high affinity and specificity to the tails of NMDA recep- is regulated by diverse inputs (Milligan et al., 1995b;
Mumby, 1997). Regulated palmitoylation controls pro-tors, K1 channels, and other transmembrane proteins
terminating in (E-T/S-X-V/I) (Sheng, 1996; Kornau et al., tein recruitment to the membrane and thereby mediates
intracellular signaling. In the case of heterotrimeric G1997). Our work demonstrates that interaction with a K1
channel in vivo requires membrane targeting of PSD- proteins, receptor activation increases palmitate turn-
over and translocation of Ga from the plasma membrane95 by N-terminal palmitoylation. We propose that by
redistributing PSD-95 from the cytosol to the two-dimen- to the cytosol (Wedegaertner and Bourne, 1994). Simi-
larly, PSD-95 in brain or COS cell extracts occurs insional surface of the cell membrane, palmitoylation in-
creases the local concentration of PSD-95 in the vicinity both membrane-associated and soluble fractions, and
we find that this dual distribution is determined byof transmembrane ion channels (Figure 7D). In support
of this model, we find that adding the CD8 transmem- N-terminal palmitoylation. By analogy to agonist-stimu-
lated depalmitoylation of G proteins, acylation of PSD-brane domain to PSD-95 can functionally substitute for
palmitoylation to facilitate ion channel interaction in 95 may be regulated by NMDA receptor activation. It
is intriguing that NO has also been shown to inhibitvivo. In transfected cells, PSD-95 causes a redistribution
of KV1.4 to flat raft-like clusters at the cell surface (Kim palmitoylation of G proteins and GAP-43 in neurons
(Hess et al., 1993). PSD-95 directly links to NMDA recep-et al., 1995). SAP97, which lacks N-terminal cysteines,
also binds to KV1.4 in vitro. However, when cotrans- tors and NOS (Brenman et al., 1996a). PSD-95 is there-
fore exposed to relatively high local concentrations offected into COS cells, SAP97 and KV1.4 form intracellular
aggregates distinct from surface clusters; this may be NO during synaptic activity. It will now be important to
determine how palmitoylation of PSD-95 is regulated atdue to lack of N-terminal palmitoylation sequences (Kim
and Sheng, 1996). As further evidence that N-terminal the synapse and whether this contributes to the redistri-
bution of ion channels at the postsynaptic density thatpalmitoylation mediates channel interactions, a very re-
cent study reported an essential role for cys-3 and cys-5 underlies synaptic plasticity.
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Experimental Procedures and incubated at 48C for 1 hr. The lysates were treated for immuno-
precipitation as above and the beads washed with TEE containing
1% Triton X-100.Antibodies
A GST fusion protein encoding amino acids 1±97 of SAP97 was For fluorography, protein samples were separated by SDS-PAGE
stained with Coomassie blue. Gels were treated with Amplify (Amer-expressed and purified from Escherichia coli. Guinea pigs were
immunized with the fusionprotein emulsified in complete and incom- sham) for 30 min, dried under vacuum, and exposed to Hyperfilm-
MP (Amersham) at 2808C. For hydroxylamine treatment, duplicateplete Freund's adjuvant and bleeds analyzed by ELISA. To generate
the C-terminal PSD-95 antibody in rabbit, an N-terminally acetylated gels were treated with either 1 M Tris-HCl (pH 7.0) or 1 M hydroxyl-
amine (pH 7.0) for 18 hr at 258C, stained with Coomassie blue, andpeptide (EEIYHKVKRVIEDLSGC) corresponding to amino acids 698±
714 of PSD-95 was synthesized and coupled to KLH. The N-terminal fluorographed as described above. For Western blotting, protein
was electroblotted onto PVDF (Millipore), probed with the appro-PSD-95 antibody 931 was previously described (Brenman et al.,
1996b). Monoclonal PSD-95 antibody 046 was purchased from priate antiserum and horseradish peroxidase (HRP) conjugated sec-
ondary antibodies (Amersham), and visualized using enhancedAffinity Bioreagents (Golden,CO). Affinity purified KV1.4was a gener-
ous gift from Dr. Lily Jan (UCSF). chemiluminescence (Pierce).
Preparation of Brain SlicesMembrane Fractionations
Forebrain from adult rats was cut at 0.4 mm intervals in both theCOS cell membranes were prepared essentially as described (Liu
sagittal and coronal planes. The slices were dispersed in Krebs-et al., 1995). In brief, transfected cells were disrupted in 500 ml of
Henseleit buffer containing 118 mM NaCl, 4.7 mM KCl, 2 mM CaCl2,homogenization buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1 mM
1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 11 mM glucose,EDTA, 0.1 mM EGTA, 0.01% b-mercaptoethanol) by dounce homog-
10 mg/ml fatty acid free bovine serum albumin, and 2 mg/ml ceru-enization on ice. Unbroken cells, nuclei, and large organelles were
lenin and preincubated at 378C for 30 min. The Krebs-Henseleitremoved by centrifugation at 1000 3 gfor 10 min followed by centrif-
buffer was then replaced with fresh buffer containing 1 mCi/mlugation at 10,000 3 g for 10 min. These second supernatants were
[3H]palmitic acid and incubated for 4 hr. Following labeling, the slicescentrifuged at 100,000 3 g for 90 min at 48C, and the resulting
were dounce homogenized in TEE/0.5% SDS, incubated for 60 minmembrane pellets were extractedon ice for 30 min in either homoge-
at 48C, the SDS was neutralized with three volumes of 1% Tritonnization buffer (HB) or HB supplemented with 100 mM sodium car-
X-100, and the samples immunoprecipitated with PSD-95 antisera.bonate buffer (pH 11), 1 M NaCl, or 1% NP-40. Extracts were then
Protein separation and fluorography was performed as describedcentrifuged at 100,000 3 g for 90 min. Equal fractions (not equal
above, and the gel was exposed to film for 4 weeks.protein) of the final soluble and pellet fractions were then analyzed
by Western blotting with a PSD-95 antibody. Rat brain extractions
used an identical procedure. Equal fractions were then analyzed Neuronal Cell Culture
by Western blotting with multiple PSD-95 antisera as described Cerebella from 7-day-old rat pups (Charles River) were dissociated
(Brenman et al., 1996b) and an antibody to SAP97. by trituration, and cells were plated onto 24-well dishes coated with
20 mg/ml poly-D-lysine at a density of 5 3 105 cells per well in DMEM
supplemented with 10% FBS, 2 mM glutamine, 20 mM KCl, 100DNA Constructions and Transfections
U/ml penicillin G, and 100 mg/ml streptomycin. Cytosine arabinosideWild-type (WT) and mutant PSD-95 constructs were generated by
(10 mM) was added 24 hr after plating to inhibit glial proliferation.PCR, subcloned into the HindIII and EcoRI sites of GW1 (British
Recombinant adenoviruses were generated by subcloning PSD-95Biotechnology), and mutations were verified by dideoxynucleotide
into pAdlox-4, linearizing with Sfi I, and introducing the vector intosequencing. Mutations were introduced using 59 primers designed
packaging cells as described (Hardy et al., 1997). Crude cell lysateswith point mutations changing cysteine codons (TGT) at positions
were used for infection of primary granule cell cultures at a dilution3 and5 to serine codons (AGT). KV1.4 GW1 constructwas a generous
of 1:100. Cultures were infected and at 72 hr postinfection weregift from Dr. Morgan Sheng (Massachusetts General Hospital).
either metabolically labeled with [3H]palmitate as described abovePSD-95-CD8 constructs were generated by PCR, fusing the first
or processed for immunofluorescence using a PSD-95 antibody as211 amino acids of human CD8 in frame with the starter methionine
described (Brenman et al., 1996b).of full-length WT and C35S PSD-95 GW1 constructs. The CD8 con-
struct was a gift from Dr. Arthur Weiss (UCSF).
GST Fusion Protein Affinity ChromatographyCOS7 cells were grown in Dulbecco's modified Eagle's medium
COS cells transiently transfected with PSD-95 constructs were dis-(DMEM) containing 10% fetal bovine serum, penicillin, streptomycin,
rupted in TEE in a dounce homogenizer, adjusted to 1% Tritonand L-glutamine in 5% CO2. DNA for transfection was prepared
X-100, and incubated at 48C for 1 hr. Supernatants were incubatedusing Qiagen columns. Cells were transiently transfected with WT
at 48C for 1 hr with either GST fusion proteins encoding the lastand mutant PSD-95 and KV1.4 constructs using Lipofectamine re-
nine amino acids of the NMDA receptor (KLSSIESDV) or GST aloneagent according to the manufacturer's protocol (GIBCO).
bound to glutathione Sepharose beads (Pharmacia, Pleasant Hill,
CA). The beads were washed three times with 1 ml of TEE containingAnalysis of Palmitoylation
1% Triton X-100, boiled in SDS-PAGE sample buffer, and analyzedTransfected COS cells (48 hr posttransfection) were preincubated
by Western blotting for PSD-95.for 30 min in serum free DMEM with cerulenin (2 mg/ml; Sigma) and
fatty acid free bovine serum albumin (10 mg/ml; Sigma). Palmitic
Analysis of Disulfide-Bridged Oligomers of PSD-95acid was dried under N2 and resuspended in absolute ethanol so
Freshly harvested rat brain or COS cells were briefly disrupted withthe final volume of resuspended palmitic acid was ,1% of the
a polytron homogenized in 20 volumes of TEE buffer. Aliquots werelabeling medium. Cells were labeled with 1 mCi/ml [3H]palmitic acid
immediately removed and diluted 1:1 with 23 SDS-PAGE loading(50 Ci/mmol; New England Nuclear) for 4 hr in the preincubation
buffer either containing or lacking 100 mM b-mercaptoethanol andmedium. Cells were scraped into tubes containing cold PBS, centri-
were frozen in a liquid N2 bath. The remaining homogenates in TEEfuged at 2000 3 g for 2 min, and resuspended in 1 ml of RIPA buffer.
buffer were incubated at 48C, and aliquots were removed at variousExtracts were incubated for 1 hr at 48C, and insoluble material was
time points prior to dilution with loading buffer. These proteins sam-removed by centrifugation. Lysates were precleared with 50 ml of
ples were resolved by SDS-PAGE in the absence of reducing agentsprotein A-Sepharose for 1 hr at 48C. The supernatant was then
and immunoblotted for PSD-95.incubated for 1 hr at 48C with 15 ml of PSD-95 antiserum 931, and
50 ml of protein A-Sepharose was added and incubated at 48C for
an additional 1 hr. The beads were then washed three times with 1 Acknowledgments
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